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Studies in model organisms indicate that one in
every five genes may be subject to cell cycle
regulated transcription. Moreover, a high proportion
of periodically expressed genes have discrete roles
in the cell division process, and their peaks of
expression coincide with the interval during which
they function. This periodic transcription is com-
monly regulated by transcription factors that are
also periodically transcribed, and there is a growing
number of examples where the transcription factors
and their targets are conserved in yeast and mam-
malian cells. As such, it is worth considering why
these regulatory circuits persist in such great
number, how they are achieved and what role they
may play in the cell cycle.
If you were building a house, would it be better to take
immediate delivery of every component required to
complete the project, or to have things delivered as
needed during the assembly process? From the point
of view of efficient material management and the
accuracy of the assembly process, the latter is the
logical choice. Things needed continuously would 
be kept on hand throughout the process. Things
needed only once, especially if they are not easily
stored, would be delivered just before they are to be
used. With a smaller inventory of things on hand, less
time would be required to find things, less breakage
would occur and fewer mistakes would be made as a
result of mis-identifying parts with similar form but dif-
ferent functions.
Given the logic of this strategy, it should be no
surprise that it is frequently employed by cells. The
first synchronous replication cycles to be studied
were the lytic cycles of the bacteriophages. These
cycles are driven by a series of waves of transcription
giving rise, first, to the early gene products involved
in establishing the infection, and later to the proteins
involved in assembling the virus and lysing the host.
This is accomplished by sequential modifications to
the host RNA polymerase that change its promoter
recognition properties. 
Bacteria use a similar strategy of temporally con-
trolling promoter recognition by the sequential expres-
sion of different RNA polymerase subunits, called
sigma factors. A particularly elegant example is flagel-
lar biogenesis in Caulobacter, which involves four
kinetically distinct and dependent waves of tran-
scription [1,2]. Now that technology permits us to
monitor transcription on a genome-wide scale, it is
evident that about 20% of Caulobacter genes are cell
cycle regulated, their expression level peaking at
times that are consistent with when they function [2].
Moreover, this strategy of temporally restricting tran-
scription has been maintained throughout evolution.
Studies of the budding yeast Saccharomyces
cerevisiae [3,4], have also shown that between 10 and
20% of its genes are transcribed during a specific
interval of the cell cycle. The genes that are regulated
in this way are typically genes involved in cell cycle-
specific processes which are expressed at peak levels
at the time when they are needed. Furthermore, this
regulated expression is accomplished by transcription
factors that are transcribed in a series of consecutive,
interdependent waves. Although the data are far less
complete for human fibroblasts, it appears that
metazoans may employ a similar strategy [5].
Cell Cycle Regulated Transcripts Predominate 
In Cell Cycle Regulated Events
Conventional methods of RNA measurement have
been used over the last two decades to identify about
100 cell cycle regulated transcripts in budding yeast.
However, the development of microarrays that enable
transcript levels to be measured across the entire
genome has dramatically expedited the identification
of periodic transcripts. It is now feasible to obtain a
comprehensive understanding of how the transcrip-
tion profiles for all genes vary across the cell cycle in
any population of cells that can be synchronized.
From the available data, it is already clear that an
overwhelming number of the gene products involved
in cell cycle-specific events are regulated at the tran-
scription level. To illustrate this point, Figure 1 shows
the key regulators of the budding yeast cell cycle as it
progresses from M to G1 to S phase. In this diagram,
all the complexes in which one or more of the compo-
nents are transcribed in a cell cycle-specific manner
are shown in color and each color represents a differ-
ent phase of the cell cycle when their transcription
peaks. Not only is it clear that cell cycle regulation of
transcription is a common phenomenon, but the key
regulators of the cell cycle are more often than not
themselves regulated in this way.
In addition to the cell cycle regulators that are
subject to phase-specific restriction of transcription,
many of the structural and enzymatic activities that
are involved in the cell duplication process are also
cell cycle regulated at the transcription level. Histone
genes, the products of which form nucleosome
complexes on nascent DNA, were the first whose
transcription was shown to be tightly coordinated and
confined to S phase in human cells [6] and in budding
yeast [7]. These early studies demonstrated that yeast
and humans alike have evolved ways of regulating the
synthesis of batteries of gene products involved in a
common process such that they are coordinately
transcribed just before they are needed.
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A more recent example is the MCM genes, which
encode a conserved family of proteins that form the
pre-replication complex on DNA replication origins at
the beginning of each cycle. The products of these
genes are conserved in form and function from yeast
to humans. In yeast, they are all transcribed in late M
phase and early G1 by common promoter elements
called ‘early cell cycle boxes’ (ECBs) [8]. In higher
cells their transcription peaks in G1and may be E2F-
mediated [9,10].
If It’s Conserved, There’s Usually a Good Reason
The key components of the cell cycle are typically reg-
ulated at multiple levels. The cyclins, for example, are
regulated by cell cycle-specific transcription, activa-
tion, localization and degradation. As a result of this
redundant regulation, defects in a single regulatory
step rarely disrupt the cell cycle, so it is difficult to
assess the importance of that regulation. One argu-
ment that is often used to evaluate the importance of
a given process is whether or not it is conserved
through evolution.
Gene products involved in DNA synthesis may be
the largest conserved class of cell cycle-regulated
transcripts. Many, if not most, components of the DNA
synthetic machinery are stable proteins, which persist
throughout the cell cycle, but they are transcribed in
late G1/early S phase. It is generally believed that the
de novo synthesis of these and other stable proteins
at or before the time they are required has been main-
tained throughout evolution because cells typically
encounter prolonged intervals of quiescence or sta-
tionary phase before entering the cell cycle. This is
quite plausible, considering the largely stationary
phase life style of a colonial microorganism or a
tissue-bound cell of a metazoan. However, there are
other possibilities.
With any reiterated, essential process like the cell
cycle, the fidelity and efficiency of the process is just
as important as the execution of the process itself. As
noted above, the timely delivery of products through
transcriptional regulation is likely to influence both the
fidelity and efficiency of cell division. However, most
of the assays commonly used to monitor the cell cycle
— analysis of DNA content, cell size, budding, kinase
activity, microscopy and so on — are not sufficiently
quantitative to detect defects that occur in only a frac-
tion of the cells. In the rare cases where quantitative
differences have been measured, it is clear that many
factors contribute to the fidelity and efficiency of cell
division. Well over one hundred genes have been
identified that influence chromosome transmission
fidelity [11–13]. It has also been shown by systematic
deletion analysis that 80% of yeast genes are not
essential for growth in rich medium; but almost half of
the mutants tested showed a significant fitness defect
in a competitive growth assay [14]. Studies such as
these offer a sobering, but perhaps more realistic view
of the complexities of ‘balanced growth’.
Cell cycle regulation of transcription can also affect
the timing of specific transitions. This is evident during
G1 of the yeast cell cycle, when two consecutive waves
of transcription determine the timing of the G1-to-S
transition. The genes CLN3 and SWI4, which encode
respectively a G1 cyclin and a transcription factor, are
coordinately transcribed and peak during late M/early
G1 phase. The products of these genes are rate limiting
for the induction of the next wave of G1 cyclin gene
transcription, which in turn drives the transition to S
phase. Diploid cells that are heterozygous for either
CLN3 or SWI4, or cells in which the pulse of SWI4 tran-
scription is delayed until late G1, suffer a measurable
delay in the transition to S phase [15].
Cell cycle-regulated transcription also offers a
simple way to override the effects of post-translational
modifications that are cell cycle regulated. A nascent
protein, synthesized in G1, cannot have been
subjected to modifications that take place during
other phases of the cell cycle, and may have different
properties as a result. For example, the Mcm proteins
are present throughout the cell cycle, but only bind
DNA during G1. At later stages they are phosphory-
lated by cyclin-dependent kinases and exported from
the nucleus [16]. The pulse of MCM transcription that
takes place in late M/early G1 phase generates a new
pool of unmodified protein, which can readily enter the
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Figure 1. Most cell cycle control proteins
are cell cycle regulated at the transcript
level.
This circuit diagram shows most of the
known regulators of the budding yeast
cell cycle as it transits through M, G1 and
S phase. Constitutively transcribed com-
ponents are shown in black. Regulatory
complexes with at least one subunit that
is cell cycle regulated at the transcript
level are shown as colored ovals. The
color designates the interval during which
their transcript level peaks: G2 (purple), M
(red), M/G1 (green), late G1 (blue). Activa-
tion steps are designated as arrows,
inhibitory steps are indicated with T-bars.
Cdc5
Scc1
Esp1
APC/Cdc20Pds1
Cdk/Clb1,2
Cdc15
Cdc45 Cdc7/Dbf4
Cdk/Cln1,2
Swi4/Swi6
Cdk/Cln3
APC/Cdh1
G1 SM
Metaphase Anaphase DNA replication
Cdk/Clb5,6
Bfa1/Bub2
Cdc45
Sic1
Cdc6
Mcm2-7
Cdc14
Tem1 Lte1
Cdc5
Cdk/Clb5
Cdk/Clb3
Cdt1
Mob1/Dbf2
Current Biology
nucleus and carry out its function. In this way, phase-
specific modifications can be neutralized and a rapid
shift in subcellular distribution can be achieved
without the need for another phase-specific de-modi-
fication activity.
Identifying Periodic Transcripts
Genome-wide transcript measurements across the
cell cycle in budding yeast has been a frontier for
pioneering microarray technologies and methods for
analysing microarray data. The first cell cycle microar-
rays were analyzed by visual inspection and 420
periodic transcripts were identified [3]. Later, three
different synchronization methods were used to gen-
erate three more cell cycle data sets. Periodic tran-
scripts were identified on the basis of their correlation
to profiles of known periodic transcripts and on the
averaged results obtained from Fourier transforms of
each data series using a range of forty different values
for the cell cycle span [4]. These analyses were carried
out for each data set and the results were combined
to generate what is called an aggregate CDC score for
each gene. Genes were ranked by CDC score and a
threshold was arbitrarily set, such that 91% of the
transcripts previously shown to be periodic were
included. 800 genes exceeded this threshold and
were categorized as periodic. One quarter of the
genes identified by visual inspection were not desig-
nated as periodic based on their CDC scores.
Clustering [17,18], and refinements designed to
reduce the impact of noise [19], were also used to
define periodic transcripts from these data, but no
consensus has emerged. More recently, statistical
modeling has been used to identify transcript profiles
with single significant oscillations in phase with the
cell cycle [20]. Using this ‘single pulse model’ (SPM),
254 genes were found to show significant periodicity
in two or more data sets. This is clearly an underesti-
mate of the number of periodic transcripts, because
only half of the known periodic genes are included in
this group. 834 additional genes exceed the SPM
threshold for periodicity in only one data set and are
thus considered candidate periodic genes. Together,
these 1088 genes include 80% of the known periodic
transcripts, but they include only 65% of the genes
identified as periodic by their CDC scores.
This lack of consensus regarding periodicity stems
in part from differences in the analytical approaches
used, but another factor is the small number of samples
taken per cell cycle and lack of multiple measure-
ments at each time point. Artifacts from the use of dif-
ferent synchronization techniques and microarray
technologies exacerbate the problem. Whatever the
cause, it is clear that the 400,000 data points currently
available are not sufficient to provide a comprehen-
sive understanding of this aspect of the budding yeast
cell cycle. However, most transcripts that show large
oscillations within the cell cycle have been identified.
The 800 transcripts with the highest CDC scores have
been assigned to one of the five cell cycle phase
groups — G1, S, G2, M and M/G1. These assign-
ments, and all the primary data, are available at
http://genome-www.stanford.edu/cgi-bin/cellcycle.
For the 1088 transcripts identified by SPM, estimates
of the mean activation and deactivation times,
induced and basal expression levels, and the statisti-
cal significance of these estimates can be accessed at
http://www.fhcrc.org/labs/breeden/spm.
Identifying Transcription Factors Responsible for
Periodic Transcription
The other piece of the puzzle is discerning how these
periodic transcripts are regulated. A number of tran-
scription factors have been identified that are involved
in cell cycle-regulated transcription. The first genome-
wide search for their DNA binding sites was carried
out with Swi4 and Swi6 and the Swi4-related protein,
Mbp1 [21]. Swi4 and Mbp1 both complex with Swi6
and activate late G1-specific transcription. Chromatin
immunoprecipitations (ChIPs) were used to isolate
DNA bound by one of these three transcription factors
and the precipitated DNAs identified by hybridization
to microarrays. Most known targets were picked up
and 200 potential new targets of regulation by
Swi4–Swi6 or Mbp1–Swi6 complexes were identified.
The second genome-wide ChIP was carried out to
identify binding sites for nine transcription factors
involved in cell cycle-regulated transcription, and
included a reanalysis of Swi4, Mbp1 and Swi6 [22].
In both studies, the immunoprecipitated chromatin
was found to be enriched for DNA encoding cell cycle-
regulated genes, and a majority contained sequences
related to the known binding sites for each transcrip-
tion factor. But less than half of the putative targets of
Swi4, Mbp1 and Swi6 were identified in both studies,
and only about half of those potential target genes are
categorized as cell cycle-regulated. This indicates that
further study will be required to identify the subset of
interactions de-tected by ChIP that are regulatory.
Nevertheless, genome-wide tran-script arrays and
ChIP analyses provide an unprecedented level of
insight and many testable predictions about the tran-
scriptional circuitry underlying the cell cycle.
The second generation genome-wide ChIP analyses
have been carried out on an even broader scale. Horak
et al. [23] tagged all the transcription factors whose
promoters are bound by Swi4 and then identified their
binding sites. Lee et al. [24] generated 106 carboxy-
terminally tagged and expressed transcription factors
and localized their binding sites to 2343 promoter
regions, representing 37% of all yeast genes. Both
groups noted the diversity of targets bound by a single
transcription factor and the large number of promoters
bound by multiple factors. Lee et al. [24] went on to
combine the ChIP data withthe transcriptional microar-
ray data from over 500 experiments to identify groups
of genes that are bound by a common set of factors
and are coordinately regulated. With this strictly com-
putational approach, they have been able to faithfully
reproduce known elements of the transcriptional cir-
cuitry of the cell cycle and offer new insights, including
evidence that Skn7 [25] and Stb1 [26] contribute
directly to G1-specific transcription. This is a spectac-
ular proof of principle for technology that will no doubt
have great predictive value in the future, particularly in
more complex systems.
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The Transcriptional Circuitry of the Budding Yeast
Cell Cycle
The genome-wide analyses described above and the
mechanistic studies of the last two decades offer our
first global picture of the transcriptional circuitry of the
cell cycle. One remarkable feature shared by all the
cell cycle-regulated transcription investigated to date
is that each wave of transcription involves transcrip-
tion factors that are also cell cycle-regulated at the
transcript level. Figure 2 shows transcript microarrays
for eleven transcription factors involved in cell cycle-
regulated transcription. They are displayed in the
chronological order in which they function. Not only
do these transcripts oscillate from high (red) to low
(green) levels over two cell cycles, but their peaks of
expression are also correlated with their time of
action. Some of these cell cycle-regulated transcrip-
tion factors serve to induce the next wave of cell
cycle-regulated transcription. Others serve as feed-
back regulators to extend, amplify or inhibit another
wave of transcription. The result is a continuous cycle
of interdependent waves of transcription wherein one
wave can affect the timing, composition and/or per-
sistence of an adjacent wave.
These waves of transcription also typically involve
pairs of transcription factors with structural homology
and partially overlapping functions, such as Swi4 and
Mbp1. This redundancy almost certainly relieves the
cell’s dependence upon a single transcription factor to
activate a whole family of cell cycle-regulated genes.
Consistent with this, the single mutants of these
transcription factors are typically viable, but the double
mutants are lethal or more severely impaired.
Figure 3 depicts the transcription circuitry of the
budding yeast cell cycle, as it is currently understood.
The first promoter element shown to be sufficient to
confer cell cycle-specific transcription was the SCB
element of budding yeast. SCB-activated transcription
is dependent upon two transcription factors, Swi4 and
Swi6, which bind to SCB sequences and activate late
G1-specific transcription [27–29]. Swi6 has another
partner, Mbp1, which is related to Swi4 and binds to a
closely related sequence, called an MCB element. The
Swi6–Mbp1 complex confers late G1-specific tran-
scription to an overlapping set of genes [21,22,30].
Both Swi4 and Swi6 are cell cycle regulated at the
transcription level [31]. SWI4 is transcribed just before
its product is required to activate the late G1-specific
transcripts, such as CLN1 and CLN2, and this timing
has been shown to be important for the transition to S
phase [15].
SWI4 transcription is activated in late M/early G1
phase by an ECB element, but the SWI4 promoter also
contains binding sites for Swi4–Swi6 or Mbp1–Swi6,
which can confer late G1-specific transcription in 
the absence of the ECB [15,32]. The genome-wide
ChIP studies have confirmed that Swi4–Swi6 and
Mbp1–Swi6 complexes bind to the SWI4 promoter in
vivo [21–23]. These data suggest that the early activa-
tion of SWI4 transcription occurs via the ECB and then
it is sustained through G1 by activation of the late G1-
specific elements. This positive feedback may ensure
that Swi4 activity persists throughout G1, and thus
enables sufficient quantities of its critical targets to be
expressed to promote the transition to S phase. The
source or significance of SWI6 transcriptional regula-
tion is not understood.
One of the new targets of the Swi4–Swi6 and
Mbp1–Swi6 complexes identified by the ChIP studies
is YOX1 [21-23]. YOX1 transcription peaks in late G1
[3], and there are SCB and MCB elements in the YOX1
promoter. Yox1 is one of a pair of related homeobox
proteins, which have recently been shown to repress
ECB activity [8]. Thus, the critical targets of Swi4–Swi6
that are required to move the cycle forward are coor-
dinately regulated with the transcription of YOX1,
which is required to turn them off. This sets up a neg-
ative feedback loop that determines the length of the
pulse of ECB activity. Yox1 initiates repression of the
previous wave of ECB-mediated transcription, then
the related homeobox protein Yhp1, which is tran-
scribed in G2, helps maintain ECB repression until late
M phase [8].
The genomic ChIP analyses also identified NDD1 as
a potential target of the Swi4–Swi6 complex. Ndd1 is
the critical activator of a group of M phase-specific
transcripts [33–37]. This M phase-specific transcription
requires a forkhead (Fkh) protein, as well as Mcm1 and
Ndd1. Both biochemical and ChIP studies indicate that
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Figure 2. At least one transcription factor in each cell cycle-
regulated transcription complex is also cell cycle regulated at
the transcript level.
Wild-type budding yeast cells were synchronized with alpha
factor and sampled at ten minute intervals through two cell
cycles. The phases of these consecutive cycles are estimated
roughly from parallel studies and designated above. G2 is used
to denote the interval after DNA replication is complete and
before chromosomes begin to separate. RNA from this time
course was compared to that of an asynchronous culture on
cDNA microarrays. These data are represented in rows for each
gene and columns for each time point (0 to 120 minutes). Red
indicates increased abundance, green indicates decreased
abundance, and black reflects equivalence to the control RNA
from asynchronous cells. (These data were compiled, by per-
mission, from the cell cycle microarray data in [8].)
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Ndd1 partners primarily with Fkh2, however another
highly related forkhead protein, Fkh1, can substitute in
some contexts. The genes for both of these forkhead
proteins are also periodically transcribed (Figure 2).
Recent studies indicate that FKH2 transcription is
activated by Fkh1 and by Fkh2 itself [38], thus gener-
ating another positive feedback loop. Fkh1 and Fkh2
bind to forkhead sites with the same affinity. The
difference is that only Fkh2 binds cooperatively with
Mcm1[38], which occupies an adjacent binding site in
the M phase-specific promoters [34]. ChIP searches
for Fkh1 binding sites suggest that this protein may be
involved in a G2 wave of transcription [22,24]. Ndd1
expression is regulated at the level of transcription and
proteolysis [33], and its recruitment to the Mcm1–Fkh2
complex is correlated with the activation of its M
phase-specific target genes [37]. These target genes
include CLB1 and CLB2, which encode B-type cyclins,
and SWI5 and ACE2, which encode another pair of
related transcription factors [39,40].
Swi5 and Ace2 activate transcription of genes in
late M and early G1 phase [41]. This is an interesting
part of the cell cycle, because it is during this time
that a cell’s identity or fate can change. Cytokinesis
separates the aging mother cell from the smaller
daughter; Swi5 and Ace2, and one of their transcrip-
tional targets called Ash1, all participate in specifying
these mother and daughter identities [42,43]. Ash1
activity is restricted to daughter cells [44,45], where 
it serves to repress the late G1-specific transcrip
-tion of HO and prevent mating-type switching. In
daughter cells limited for nitrogen, Ash1 activates
pseudohyphal development [46]. Rme1, another tran-
scription factor induced by Swi5 and Ace2, serves 
to prevent meiosis by repressing transcription of a
key initiator of meiosis, IME1 [47]. Rme1 activity is
restricted to haploid cells [48], where it can also act
as an activator of at least one late G1-specific tran-
script, CLN2 [49].
Missing Links
The transcription circuitry of the budding yeast cell
cycle offers some insight into how a cell maintains its
forward momentum through the cell cycle and sim-
plifies the choices it has to make along the way. It is
important to note, however, that there are many gaps in
our knowledge of this cycle. Very little is known about
the transcription factors that regulate S and G2-specific
transcription. Moreover, only a subset of the periodic
transcripts of budding yeast are clearly regulated by the
transcription factors that have been identified.
The ChIP studies are invaluable for identifying pos-
sible targets of a given transcription factor complex,
but the true targets can be difficult to verify. One com-
plicating factor, noted above, is redundancy of the
transcription factors themselves. Another is the preva-
lence of multiple cell cycle-regulated promoter ele-
ments in a given gene. Systematic elimination of all the
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Figure 3. The budding yeast transcription
cycle is a continuous cycle of interde-
pendent waves of transcription.
10 to 20% of yeast genes are transcribed
at a specific interval of the cell cycle. This
diagram shows the current understanding
of the transcription factors responsible for
this regulation and some of their target
genes that encode important cell cycle
regulators. All but two of these transcrip-
tion factors are known to be periodically
transcribed. Periodically expressed tran-
scription factors are shown as colored
ovals, with the color designating the time
of peak transcription: G2 (purple), M (red),
M/G1 (green), late G1 (dark blue) and S
(light blue). Constitutively transcribed
factors are indicated with black ovals.
Arrows connect transcription factor com-
plexes to the genes they activate; T-bars
denote targets of repression. All targets
are color coded as above. Promoter ele-
ments are denoted as black boxes. ECB
elements activate transcription of CLN3,
MCM2–7 and SWI4. Swi4 associates with
Swi6 in a complex — called SBF for SCB
binding factor — that binds to SCB ele-
ments. A second complex of Mbp1 and
Swi6 — called MBF for MCB binding
factor — binds a related sequence called an MCB element. These two complexes induce an overlapping set of genes in late G1,
including CLN1, CLN2, CLB5 and CLB6. SWI4, YOX1 and NDD1 are also targets for activation by these late G1-specific transcription
complexes. This positive feedback upon the SWI4 promoter may sustain Swi4 activity through late G1. Yox1 initiates repression of
ECB activity, which is also carried out by Yhp1 later in the cell cycle. Ndd1 combines with Mcm1 and Fkh2 in a complex that is often
referred to as SFF, for Swi5 factor. This complex activates M phase-specific transcription of CLB1, CLB2, CDC5, SWI5 and ACE2.
Swi5 and Ace2 activate an overlapping set of M/G1-specific genes, including SIC1, RME1 and ASH1. The products of the last two
genes can serve as activators or repressors, depending upon the context and conditions (see text). FKH1, FKH2 and YHP1 all encode
periodic transcripts that peak in late S and G2 and have forkhead binding sites in their promoters. There is evidence that Fkh1 and
Fkh2 activate FKH2 transcription [38]. The regulation of YHP1 and FKH1 has not been investigated.
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recognizable SCB and MCB elements from the CLN1
[50] and CLN2 [51] promoters was not sufficient to
eliminate the late G1 periodicity of either of these tran-
scripts. This indicates that there is at least one more
late G1-specific promoter element residing in these
promoters that has not been identified. SWI4 has ECB,
SCB and MCB elements in its promoter [15,32]. As a
result, defects in any one of these transcription path-
ways cannot eliminate SWI4 transcription, or its peri-
odicity. CDC20 is an example of a newly identified
class of promoters that contain binding sites for the
Mcm1–Fkh2—Ndd1 complex [34] overlapping an ECB
element, which is bound by Yox1 or Yhp1 and Mcm1
[8]. These genes are expressed in the interval between
the two waves of transcription promoted by either
element individually [8]. Moreover, they continue to be
periodically transcribed in cells carrying defects in
either pathway [8,34].
The prevalence of complex, combinatorial control
makes ChIP analyses a crucial first step in the iden-
tification of the true targets of cell cycle-regulated tran-
scription factors. However, we also require a reliable
description of the transcription profile of each gene
through the cell cycle, and robust methods for identi-
fying promoter elements [52]. The identification of pro-
moter elements is a particular challenge that will be
greatly aided by the apparent conservation of these
elements across divergent Saccharomyces species
[53]. This information will enable the missing links in
the transcriptional circuitry of the cell cycle to be iden-
tified and tested and will greatly accelerate our under-
standing of the cell cycle.
Is the Transcriptional Circuitry of the Cell Cycle
Conserved in Metazoans?
In spite of the many gaps in our knowledge, the
evidence is already overwhelming that budding yeast
has evolved some common strategies for controlling
transcript complexity during the cell cycle. These
strategies parallel those used by bacteria and their
phages, and suggest a primordial role for this type of
regulation. It is now of immense interest to know if
metazoans use a similar strategy, and if so what the
consequences of this transcriptional regulation are for
human diseases such as cancer.
As noted earlier, there are a considerable number of
transcripts in all cells that are induced as cells leave
G1. The factors responsible for this wave of late G1
transcription were the first to be identified, perhaps
because of the importance of this interval for the
commitment to cell division. Many parallels have 
been noted between the late G1-specific complex 
of Swi4–Swi6 and the E2F–Dp1 heterodimer that
performs a similar function in higher cells. Despite the
absence of significant similarity at the amino acid
level, the DNA-binding domains of Swi4–Swi6 and
E2F–Dp1 adopt a common folding pattern called a
winged helix [54,55] and bind to nearly identical DNA
sequences. They also activate a similar constellation
of genes, including those encoding proteins of DNA
replication, such as thymidine kinase and DNA poly-
merase α, and cell cycle control, such as cyclins E
and A [9,10,56]. 
As in the case of SWI4, the E2F1 promoter contains
E2F binding sites and its transcript is cell cycle regu-
lated. E2F activity is modulated by its association with
the retinoblastoma protein, Rb, which inhibits E2F and
halts cell cycle progression [57]. The importance of
the family of E2F transcription factors in regulating cell
cycle progression is apparent from the high proportion
of human tumors in which Rb is inactivated, either
directly by mutation of the RB gene or indirectly by
promoting Rb phosphorylation by cyclin-dependent
kinases [58]. Swi4–Swi6 complexes are also activated
by cyclin-dependent kinase activity [59], but the
mechanism is not understood.
More recently, another remarkable parallel has been
observed between the yeast and mammalian forkhead
proteins. FKH1 and FKH2 are transcribed during S and
G2 phases in budding yeast, and among their tran-
scriptional targets are two genes for B type cyclins,
CLB1 and CLB2, and the polo kinase gene CDC5.
These transcripts are activated during M phase and
failure to express them causes mitotic arrest. Recent
studies have shown that at least two forkhead family
members are periodically expressed in proliferating
mammalian cells [5,60]. Moreover, the promoter of the
mouse cyclin B1 gene is responsive to changes in
forkhead protein levels [61], and defects in Fkh activ-
ity can delay or prevent exit from M phase [62]. These
similarities led investigators to the discovery that the
promoters of the mouse genes for cyclin B and the
polo kinase Plk contain Fkh binding sites, and that Fkh
binding to these promoters could be detected in vivo
by ChIP analysis [62].
These data suggest that there are at least two
phases in which mammalian transcription patterns
show a remarkable degree of similarity to the tran-
scriptional circuitry of the yeast cell cycle. Considering
the high degree of conservation of other aspects of
the eukaryotic cell cycle, it would be quite surprising
if other parallels are not there to be found.
Conclusion
Logic dictates that reducing the complexity of
transcripts at any given time during the cell duplica-
tion process would improve its fidelity and efficiency.
There is little direct evidence for this assertion, but
then little has been done to test it. What is clear is that
both bacteria and yeast have invested considerable
effort into doing just that. The transcriptional circuitry
that has evolved is a series of consecutive and inter-
dependent waves of transcription driven by transcrip-
tion factors that are themselves cell cycle regulated. It
is a simple, yet flexible strategy, with many opportuni-
ties for signaling inputs from external sources. Feed-
back loops have been incorporated which appear to
coordinate critical events, and may buffer the cell
cycle when conditions change. There are clearly gaps
in our understanding, but there is no doubt that this is
a general strategy that underlies the yeast and bacte-
rial cell cycles and there is tantalizing evidence that
the same may be true in higher cells as well.
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